Evidence for Fe(II) oxidation and deposition of Fe(III)-bearing minerals from anoxic or redox-stratified Precambrian oceans has received support from decades of sedimentological and geochemical investigation of Banded Iron Formations (BIF). While the exact mechanisms of Fe(II) oxidation remains equivocal, reaction with O 2 in the marine water column, produced by cyanobacteria or early oxygenic phototrophs, was likely. In order to understand the role of cyanobacteria in the deposition of Fe(III) minerals to BIF, we must first know how planktonic marine cyanobacteria respond to ferruginous (anoxic and Fe(II)-rich) waters in terms of growth, Fe uptake and homeostasis, and Fe mineral formation. We therefore grew the common marine cyanobacterium Synechococcus PCC 7002 in closed bottles that began anoxic, and contained Fe(II) concentrations that span the range of possible concentrations in Precambrian seawater. These results, along with cell suspension experiments, indicate that Fe(II) is likely oxidized by this strain via chemical oxidation with oxygen produced during photosynthesis, and not via any direct enzymatic or photosynthetic pathway. Imaging of the cell-mineral aggregates with scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) are consistent with extracellular precipitation of Fe(III) (oxyhydr)oxide minerals, but that >10% of Fe(III) sorbs to cell surfaces rather than precipitating. Proteomic experiments support the role of reactive oxygen species (ROS) in Fe(II) toxicity to Synechococcus PCC 7002. The proteome expressed under low Fe conditions included multiple siderophore biosynthesis and siderophore and Fe transporter proteins, but most siderophores are not expressed during growth with Fe(II). These results provide a mechanistic and quantitative framework for evaluating the geochemical consequences of perhaps life's greatest metabolic innovation, i.e., the evolution and activity of oxygenic photosynthesis, in ferruginous Precambrian oceans.
Introduction
Iron (Fe) is an essential element to all life, but its bioavailability in aqueous environments has shifted throughout Earth's history, primarily in response to the oxidation of surface waters. Average Fe concentrations of 540 pmol kg −1 limit the productivity of primary producers dwelling in the photic zone of many regions of the modern ocean (e.g., Boyd et al., 2000) . During the Precambrian Eon [4.6 billion years (Gy) ago to 541 million years (My) ago], however, anoxic and ferruginous oceans were a persistent feature of Earth's surface (Canfield, 1998; Planavsky et al., 2011; Poulton and Canfield, 2011) , where Fe(II) concentrations in the deep oceans are estimated to have been between 40 and 120 µM (Canfield, 2005) . As cyanobacteria are the only clade of oxygen-evolving photosynthetic organisms in the microbial domains of bacteria and archaea, it is generally accepted that they are the modern remnants of the evolutionary most ancient organisms capable of oxygenic photosynthesis (Blankenship, 1992 ). Yet because of pervasive surface oxidation, fewer modern environments exist today in which ferruginous waters [i.e., containing free Fe(II)] enter sunlit, circumneutral pH environments. Therefore, most studies of the interaction of Fe with cyanobacteria have focused on oxic conditions, where Fe(III) is a limiting nutrient due to its poor solubility. We therefore have little physiological context for understanding the activity of cyanobacteria under ferruginous conditions, yet this is crucial for evaluating their activity in Precambrian oceans.
Globally, marine planktonic cyanobacteria, such as the predominant Prochlorococcus and Synechococcus species account for a major portion of modern marine primary productivity (Partensky et al., 1999) , and if planktonic cyanobacteria existed on the early Earth, they should have made significant contributions to oxygen production (Olson et al., 2013) . Because abiotic O 2 production was not significant under early Earth conditions (Haqq-Misra et al., 2011; Pecoits et al., 2015) , it is thought that geochemical evidence for atmospheric and surface water oxidation in the Precambrian is evidence for the activity of cyanobacteria, or organisms capable of oxygenic photosynthesis at that time (Buick, 1992) . At the time of the Great Oxidation Event (GOE) at around 2.4 Ga, atmospheric oxygen concentrations underwent a permanent rise, exceeding 10 −5 present atmospheric levels (PAL; Pavlov and Kasting, 2002; Bekker et al., 2004) . However, recent work has documented evidence that periodic, localized atmospheric oxygen levels exceeded 10 −5 PAL, and that oxygen was present in marine surface waters up to 600 million years before the GOE Wille et al., 2007; Kendall et al., 2010; Crowe et al., 2013; Reinhard et al., 2013; Planavsky et al., 2014) .
The inferred presence and activity of cyanobacteria in the Archean Eon (4 to 2.5 Gy ago) requires that marine cyanobacteria would have been exposed to periodic upwelling or diffusion of Fe(II)-rich waters into the photic zone (Holland, 1973; Beukes and Gutzmer, 2008) . Sedimentological evidence suggests that Fe(II), sourced to the deep Precambrian oceans from hydrothermal leaching of oceanic crust (Bau and Moeller, 1993) , upwelled toward the surface ocean and was oxidized and deposited as poorly soluble Fe(III) (oxyhydr)oxide minerals . Because abiotic mechanisms for Fe(II) oxidation seem to have limited relevance under early Earth conditions (Konhauser et al., 2007) , much emphasis has been placed on biological mechanisms (for a recent review, see Posth et al., 2013) . Specifically, the oxidation of Fe(II) under anoxic conditions by anoxygenic phototrophic organisms (photoferrotrophs) (Widdel et al., 1993) has received considerable attention. But evidence for oxygen several 100 years before the GOE bring back to the foreground the original idea that photosynthetic oxygen, produced by oxygenic phototrophs such as early cyanobacteria, was the oxidant for Fe(II) (i.e., Cloud, 1968) .
Some investigations have addressed the mechanism of Fe(II) oxidation and Fe mineral formation by mat-forming cyanobacterial communities in modern Fe(II)-rich springs or other settings, or in cyanobacteria isolated from these sites (Pierson et al., 1999; Trouwborst et al., 2007; Brown et al., 2010; Parenteau and Cady, 2010; Ionescu et al., 2014) . However, the suggestion that Fe(II) oxidation could occur in cyanobacteria capable of using the evolutionarily more ancient anoxygenic photosynthetic pathway (Olson and Pierson, 1987a,b) lacks support from experiments with modern cyanobacteria (Cohen et al., 1986; Trouwborst et al., 2007) . Furthermore, recent work has documented that the relationship between cyanobacteria, Fe(II), and photosynthetic oxygen production is influenced by the production of toxic reactive oxygen species (ROS) when oxygen reacts with Fe(II) (Swanner et al., 2015) . Therefore, in order to ascertain to what extent cyanobacteria may have been involved in both Precambrian oxygen production and BIF deposition, the multi-layered relationship between cyanobacteria, Fe(II), toxicity, oxygen production, Fe(II) oxidation, and Fe (bio)mineralization need to be considered.
As oxygenic phototrophs, cyanobacteria have a large Fe quota: 22 atoms of Fe per complex are needed to sustain electron flow through PSI and PSII (Raven, 1990) . Therefore, modern cyanobacteria show diverse intracellular Fe quotas (Twining et al., 2004; Twining and Baines, 2013) . Cyanobacteria also possess numerous physiological adaptations to Fe limitation under oxic conditions, such as substitution of Fe-free flavodoxin electron-transfer protein for Fe-containing ferrodoxin, (Erdner et al., 1999) . Expression of siderophores, small molecules that bind Fe with high affinity, has been observed in some cyanobacteria under Fe limitation (Wilhelm and Trick, 1994; Wilhelm, 1995; Wilhelm et al., 1996 Wilhelm et al., , 1998 , and siderophores may help cyanobacteria adapt to Fe limited surface waters (Sorichetti et al., 2014) . Siderophores or other biologicallysecreted Fe-binding ligands that can maintain Fe(III) as a soluble species likely complex much of the Fe in oxic surface waters (Gledhill and Van Den Berg, 1994; Van Den Berg, 1995; Wu and Luther Iii, 1995) , and can drive photochemical redox-cycling of Fe(III) to Fe(II) (Barbeau et al., 2001 (Barbeau et al., , 2003 Barbeau, 2006) , as well as biological reduction of Fe(III) to Fe(II) prior to Fe(II) uptake by the cell (Kranzler et al., 2011; Lis et al., 2015) . While siderophore production is documented for numerous cyanobacteria under Fe limitation, it is unknown whether similar Fe-binding molecules are secreted under ferruginous conditions, but Fe-binding ligands could also play a role in controlling the solubility, reactivity, and transport of hydrothermally-derived Fe (Toner et al., 2009; Sander and Koschinsky, 2011; Conway and John, 2014; Horner et al., 2015) , relevant for understanding the dynamics of the Precambrian Fe cycle.
This study evaluates the growth, oxygen production, Fe(II) oxidation, Fe mineral formation, various physiological characteristics, and protein expression of planktonic marine cyanobacterium, Synechococcus PCC 7002, when grown under ferruginous conditions. These experiments are used to inform the physiological response of cyanobacteria to anoxic, Fe(II)-rich conditions, their role in Fe(II) oxidation, and their contribution to Fe (bio)mineralization. We use these results to infer how cyanobacterially-mediated Fe(II) oxidation in Precambrian oceans might have occurred, and what potential geochemical/mineralogical consequences their activity had that may be recorded in the rock record. Synechococcus PCC 7002 was used in this study as a model organism for understanding the physiological behavior of cyanobacteria in an ancient, ferruginous ocean. As as a coastal representative of Synechococcus, it does not cluster near the base the phylogenetic tree of cyanobacteria (Schirrmeister et al., 2015) . However, this microbe may be as relevant a model organism as any extant cyanobacterium, since ancient oceans were likely not the extremely oligotrophic low nutrient environments observed today, and phylogenetic analyses also imply that abundant open ocean cyanobacteria are also not the most basal clades (Blank and Sánchez-Baracaldo, 2010) .
Methods

Medium and Growth Assessment
Synechococcus PCC 7002 is a halotolerant strain isolated from mud on Magueyes Island, Puerto Rico (Van Baalen, 1962 ). An axenic culture of Synechococcus PCC 7002 was cultivated under static conditions on Marine Phototroph (MP) medium in acidwashed and sterilized glass serum bottles (1N HCl; 24 h) at 24 • C under an irradiance of 12.8 µmol photons m −1 s −1 from a standard 40W tungsten light bulb (Wu et al., 2014) . Additions were made after autoclaving and degassing (N 2 /CO 2 , 90:10 v/v), and included 3 mg L −1 filtered ferric chloride, selenium and tungstate solution (Widdel, 1980) , 0.5 mM Na 2 S 2 O 3 , and 1 mL each of vitamin and trace element solutions (described in Wu et al., 2014) . This medium did not contain EDTA or other metal chelates. Fe(II) amendments were added from a sterile FeCl 2 stock, and the medium was filtered through a 0.2 µm polystyrene filter (Millipore Stericup) in a glovebox after precipitation of Fe(II) with phosphate and carbonate present in the medium (Wu et al., 2014) . Final Fe(II) concentrations varied based on the saturation indices of these phases, and the amount of FeCl 2 added. The Fe(II) content of each batch of medium was therefore determined empirically with the ferrozine method (see below) prior to the start of each experiment. In medium containing FeCl 2 , the trace elements, vitamins, and supplements were added after filtration to avoid their removal via sorption to precipitated phases. For growth experiments, 80 mL of medium was filled into 100 mL glass Schott bottles in a glovebox (100% N 2 ), sealed with a butyl rubber stopper, and the headspace was flushed with N 2 /CO 2 (90:10). For proteomics experiments, cells were first cultivated in the medium described above without Fe(II), but with ferric ammonium citrate substituted for ferric chloride at a concentration of 6 mg L −1 . Cells were then inoculated into glass serum bottles with no added Fe(III), but which contained either 170 µM FeCl 2 added as described above (high Fe), or simply Fe(II) added from the trace element solution (low Fe; final concentration 7.5 µM). In all experiments, cyanobacteria cultures were degassed for 5 min. in the dark (N 2 /CO 2 , 90:10 v/v) prior to inoculation into anoxic, Fe(II)-containing medium.
Growth was monitored by optical density (OD) measurements at 750 nm with a photospectrometer (Spekol 1300, Analytik Jena) for cultures containing ≤100 µM Fe(II). Cell numbers of experiments with >100 µM Fe(II) were determined from direct counts of images of autofluorescent Synechococcus PCC 7002 cells after Fe(III) minerals were dissolved with an oxalate solution (Wu et al., 2014) . Images were acquired on a Leica DM5500B fluorescence microscope using the Y3 filter. Additionally, cells mL −1 values were calculated from OD measurements via a standard curve relating OD measurements to direct counts of cells grown in medium without additional FeCl 2 . Pigments were extracted from log-phase cultures with 4 • C 90% methanol and measured in a WTW photoLab 6600 UV-Vis series spectrophotometer just prior to complete oxidation of the initial Fe(II) added to the growth medium. The chlorophyll a and carotenoid contents were determined according to equations in Sakamoto and Bryant (1998) . Chlorophyll a contents were related to OD via a standard curve derived from measurement of both parameters on cultures of varying cell density for cultures that contained less than 100 µM Fe(II) initially. For cultures with ≥100 µM Fe(II) initially, direct cell counts were again performed after oxalate digestion.
Aqueous Geochemical Measurements in Growth Experiments
Samples from growth experiments containing ≥1 mM total Fe were stabilized in anoxic 1N HCl and stored in a glovebox until analysis for Fe(II) with 0.1% ferrozine in 50% ammonium acetate. Samples containing <1 mM total Fe were reacted directly with ferrozine in a glovebox after sampling. Absorption measurements were made at 562 nm after samples were centrifuged (16,000 × g) to pellet cells and the solid Fe phase (i.e., Fe(III) minerals), as the absorption of light by Synechococcus PCC 7002 cells interfered with the absorption of the Fe(II)-ferrozine complex at 562 nm. Oxygen concentrations in growth experiments were measured using a Fibox fiber optic oxygen transmitter and non-invasive optical oxygen sensors glued into the media bottles, and utilized a 2-point calibration provided by the manufacturer (PreSens Precision Sensing, Regensburg, Germany).
Cell Suspension Experiments
To measure intracellular Fe, Synechococcus PCC 7002 was grown in a large volume (ca. 250 mL) of MP medium with ferric ammonium citrate as an Fe(III) source to late exponential phase. Cells were harvested by centrifugation (7197 × g; 10 min) and washed three times in a non-growth buffer at pH 7 (i.e., MP medium without trace elements, Fe(III), vitamins or supplements, NH 4 Cl or K 2 HPO 4 , or bicarbonate), and resuspended in fresh buffer to a concentration of 1 × 10 8 cells ml −1 . Oxygen was removed from light-shielded washed cells by bubbling the suspensions for 5 min with N 2 /CO 2 (90: 10). Fe(II) was added to the suspensions from an anoxic stock of FeCl 2 prior to light exposure. Incubations to measure intracellular Fe concentrations were similar to those designed to detect intracellular reactive oxygen species (ROS) as described in Swanner et al. (2015) . Here, samples of cells were taken before and after a 1-h light incubation (25 µmol photons m −2 s −1 ) from suspensions with different initial concentrations of FeCl 2 (none, 10, 100, and 1000 µM). Samples were immediately spun in 0.2 µm nylon centrifuge tube filters (Costar Spin-X, Corning International) at 16,000 × g for 3 min to separate cells from the Fe in solution. Cells suspended on the filter were then washed on the filter with a Ti-EDTA-citrate solution to remove sorbed Fe (Tang and Morel, 2006) , and rinsed once with MP buffer. Cells were dried overnight at 60 • C, then weighed into Teflon beakers and digested with concentrated trace metal grade (TMG) HNO 3 and 30% H 2 O 2 . Residues were resuspended in 8N TMG HNO 3 , and further diluted in 2% TMG HNO 3 for analysis. Iron measurements were carried out by ICP-MS (ThermoFisher XSeries2; detection limit of 0.807 ppm Fe).
Cell suspension experiments to test for anoxygenic photosynthesis by Synechococcus PCC 7002 were prepared as described above. Incubations of cell suspensions were carried out in a Qubit Systems OX1LP Dissolved O 2 Package (Kingston, ON, Canada). Oxygen was quantified with a 2-point calibration performed according to the manufacturer's instructions. Fe(II) was added to the suspensions from an anoxic FeCl 2 stock to a final concentration of 100 µM prior to light exposure. Fe(II) concentrations were determined on samples removed from the cell stand with a syringe during hour-long incubations at 20-25 • C under an irradiance of 20.9 µmol photons m −1 s −1 light. To stabilize Fe(II) for measurement, 200 µL of the sample was immediately mixed with 200 µL of 2 M HCl. Cells were removed by centrifugation at 16,000 × g for 10 min using 0.22 µm nylon centrifuge tube filter (Cosar spin-X, Corning, International). Fe(II) was quantified using the ferrozine assay (Stookey, 1970; Dippon et al., 2012) . To test for anoxygenic photosynthesis, DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) prepared in ethanol was added to a final concentration of 8 µM in suspensions. DCMU blocks electron transfer from Photosystem II to plastiquinone, and allows to determine whether Fe(II) is oxidized via a potential anoxygenic pathway of Photosystem I. No experiments were performed in the dark.
Proteomics Analysis
Triplicate inoculations of Synechococcus PCC 7002 on MP medium with low or high Fe treatments were made and allowed to grow until all Fe(II) had just been oxidized (3 days), in the case of high Fe treatments. The biomass was then harvested by centrifugation (7197 × g; 10 min) and washed with MP buffer. The biomass was then loaded into filter tubes and treated with Ti-EDTA-citrate as described above for the intracellular Fe determination experiment. Washed cells were then stored at −20 • C until extraction for proteomics analysis.
Samples were resuspended with 500 µl of 1% SDS extraction buffer (1% SDS, 0.1M Tris/HCL pH 7.5, 10 mM EDTA). Each sample was incubated at room temperature for 15 min, heated at 95 • C for 10 min, and shaken at room temperature, 350 rpm for 1 h. The protein extract was decanted and filter tube rinsed with an additional 500 µl of extraction buffer. Each sample and corresponding rinse were combined in a new tube and centrifuged (14100 × g; 20 min) at room temperature. The supernatants were removed and concentrated by membrane centrifugation to approximately 300 µL in 6 mL, 5 K MWCO Vivaspin units (Sartorius Stedim, Goettingen, Germany). Each sample was precipitated with cold 50% methanol, 50% acetone, and 0.5 mM HCL for 3 days at −20 • C, then centrifuged at 14100 × g for 30 m at 4 • C, decanted and dried by vacuum concentration (Thermo Savant Speedvac) for 10 min or until dry. Pellets were resuspended in 1% SDS extraction buffer and left at room temperature for 1 h to completely dissolve. Total protein was quantified (Bio-Rad DC protein assay, Hercules, CA) with BSA as a standard.
Extracted proteins were purified from SDS detergent, reduced, alkylated, and trypsin digested while embedded within a polyacrylamide tube gel, modified from a previously published method (Lu and Zhu, 2005) . A gel premix was made by combining 1 M Tris HCL (pH 7.5) and 40% Bis-acrylimide L 29:1 (Acros Organics) at a ratio of 1:3. The premix (103 µl) was combined with an extracted protein sample (35-200 µg), TE, 7 µl 1% APS and 3 µl of TEMED (Acros Organics) to a final volume of 200 µl. After 1 h of polymerization at RT, 200 µl of gel fix solution (50% ethanol, 10% acetic acid in liquid chromatography-mass spectrometry (LC-MS) grade water) was added to the top of the gel and incubated at RT for 20 min. Liquid was then removed and the tube gel was transferred into a new 1.5 mL microtube containing 1.2 mL of gel fix solution and then incubated at room temperature, then spun at 350 rpm in a Thermomixer R (Eppendorf) for 1 h. The gel fix solution was then removed and replaced with 1.2 mL destain solution (50% methanol, 10% acetic acid in H 2 O) and incubated at 350 rpm for 2 h at room temperature. The liquid was then removed, and gel cut into 1 mm cubes, which were added back to tubes containing 1 mL of 50:50 acetonitrile:25 mM ammonium bicarbonate incubated for 1 h at 350 rpm at room temperature. The liquid was removed and replaced with fresh 50:50 acetonitrile:ammonium bicarbonate and incubated at 16 • C and 350 rpm overnight. The above step was repeated for 1 h the following morning. Gel pieces were then dehydrated twice in 800 µl of acetonitrile for 10 min at room temperature, and dried for 10 min in a ThermoSavant DNA110 Speedvac after removing the solvent. Then, 600 µl of 10 mM DTT in 25 mM ammonium bicarbonate was added to reduce proteins incubating at 56 • C, 350 rpm for 1 h. Unabsorbed DTT solution was then removed, and the volume measured. Gel pieces were washed with 25 mM ammonium bicarbonate, and 600 µl of 55 mM iodacetamide was added to alkylate proteins at room temperature and 350 rpm for 1 h. Gel cubes were then washed with 1 mL ammonium bicarbonate for 20 min at 350 rpm and room temperature. Acetonitrile dehydrations and Speedvac drying were repeated as above. Trypsin (Promega #V5280) was added in an appropriate volume of 25 mM ammonium bicarbonate to rehydrate and submerse gel pieces at a concentration of 1:20 µg trypsin:protein. Proteins were digested overnight at 350 rpm and 37 • C. Unabsorbed solution was removed and transferred to a new tube. Then, 50 µl of peptide extraction buffer (50% acetonitrile, 5% formic acid in water) was added to gels, incubated for 20 min at room temperature, and then centrifuged at 14,100 × g for 2 min. The supernatant was collected and combined with unabsorbed solution. The above peptide extraction step was repeated, combining all supernatants. Combined protein extracts were centrifuged at 14,100 × g for 20 min, and the supernatants were transferred into a new tube and dehydrated down to approximately 10-20 µl in the Speedvac. Concentrated peptides were then diluted in 2% acetonitrile 0.1% formic acid in water for storage until analysis. All water used in the tube gel digestion protocol was LC-MS grade, and all plastic microtubes were ethanol rinsed and dried prior to use.
Protein extracts from the biological triplicates were analyzed by LC-MS (Michrom Advance HPLC coupled to a Thermo Scientific Fusion Orbitrap mass spectrometer with a Thermo Flex source). Each sample was concentrated onto a trap column (0.2×10 mm ID, 5 µm particle size, 120 Å pore size, C18 ReprosilGold, Dr. Maisch GmbH) and rinsed with 100 µL 0.1% formic acid, 2% acetonitrile, and 97.9% water before gradient elution through a reverse phase C18 column (0.1 × 500 mm ID, 3 µm particle size, 120 Å pore size, C18 Reprosil-Gold, Dr. Maisch GmbH) at a flow rate of 250 nL/min. The chromatography consisted of a nonlinear 190 min gradient from 5 to 95% of a buffer containing 0.1% formic acid in acetonitrile. The remaining buffer was made up of 0.1% formic acid in water (all solvents were Fisher Optima grade). The mass spectrometer was set to perform MS scans on the orbitrap (240000 resolution at 400 m/z) with a scan range of 380 m/z to 1580 m/z. MS/MS was performed on the ion trap using data-dependent settings (top speed, dynamic exclusion 15 s, excluding unassigned and singly charged ions, precursor mass tolerance of ± 3 ppm, with a maximum injection time of 50 ms). Search results were performed using Proteome Discoverer 1.4 (Thermo Scientific) and Scaffold 4.0 (Proteome Software Inc.).
Microscopic and Mineralogical Analyses
Two samples for scanning electron microscopy (SEM) were taken from a growth culture with a starting concentration of ca. 5 mM Fe(II) near the beginning and at the end of the Fe(II) oxidation phase, and were fixed in glutaraldehyde. After fixation, samples were washed with filtered water. Fixed cells were immobilized on poly-l-lysine coated glass cover slips and then dehydrated in an ethanol series (30, 50, 90%, 3 × 100%) and critical point dried. Prior to microscopy, the glass cover slips were attached to aluminum stubs with carbon tape and sputter-coated with 6 nm platinum. Secondary electron images were collected on a Leo 1450VP SEM (Carl Zeiss SMT AG, Germany) operated at an accelerating voltage of 5 kV and a probe current of 9 pA.
Samples of Synechococcus PCC 7002 grown with Fe(II) were imaged by confocal laser scanning microscopy (CLSM; Leica SPE, Mannheim, Germany) just after the initial ca. 0.5 mM Fe(II) had been oxidized. A 635 nm laser was used to excite autofluorescence of Synechococcus PCC 7002, with an emission peak at 660 nm (detected range of emission 640-700 nm). The Fe(III) minerals were imaged using the reflection signal of the 488 nm laser. Soluble/ligand-bound Fe(III) was stained with of turn-on type, highly sensitive and selective fluorescence probe, (Mao et al., 2007 (Mao et al., , 2010 , added to a final concentration of 1 µM, which was excited with the 488 nm laser (emission range from 500 to 560 nm). The Auto-Quant ™ deconvolution algorithm implemented in the LEICA LAS AF software was applied to blind deconvolution the 3D image stacks .
Images from fluorescent cell counts were analyzed for average cell size using the 3D Objects Counter from IMAGEJ (Abràmoff et al., 2004) . ScatterJ, a plugin for correlation and colocalization analysis of species-specific maps that was developed for IMAGEJ , was used to analyze the spatial relationships of species detected using fluorescence dyes with CLSM. An angle-deviation map from a slope of 1 was calculated from the 3D datasets of the autofluorescence signal and the fluorescence signal of the Fe(III) fluorescence probe using ScatterJ. Signal intensities <0.2% (grayscale value of 5 in an 8 bit image) were considered as noise and excluded from the plots. Thereby, positive angle-deviations indicate higher Fe(III)-signals per autofluorescence signal, whereas negative angles indicate a lower Fe(III)-signal.
Results
Growth and Physiological Indicators of Synechococcus PCC 7002 under Ferruginous Conditions
Growth of Synechococcus PCC 7002 in closed-bottle incubations was observed at up to 7000 µM initial Fe(II), but we were not able to cultivate this strain at higher Fe(II) concentrations (i.e., at 8000 µM), based on the absence of growth indicators (i.e., visible cell density) and no significant Fe(II) oxidation (which would indicate photosynthetic oxygen production). In these experiments, cultures with the lowest concentrations of Fe(II) turned green in the first few days, but at higher concentrations of Fe(II), the culture was dominated by rust-colored Fe(III) minerals (Figure 1) . This finding implies a higher density of cells when Fe(II) concentrations are initially lower, copacetic with the lower cell numbers in the first days after inoculation when initial Fe(II) concentrations were higher (Figure 2 ). Once Fe(II) was oxidized, cell densities in incubations with 4800 µM initial Fe(II) reached similar values to experiments with only 7.5 µM Fe(II) (Figure 2) . Fluorescent microscopic imaging documented that cell sizes were significantly smaller for cultures grown with higher initial Fe(II) concentrations (Table 1) . Both the chlorophyll a and carotenoid content of cells also considerably decreased when grown with initial Fe(II) concentrations of 70 µM or higher ( Table 1) . Previously, a 2-fold increase in intracellular ROS contents was detected when cells of photosynthesizing Synechococcus PCC 7002 were incubated with 100 µM Fe(II), as compared to a control with no added Fe(II), as well as a 4-fold increase when extracellular Fe(II) concentrations reached 1000 µM Fe(II) (Swanner et al., 2015) . To determine if Fe(II) uptake was linked to ROS production in Fe(II) incubations, we incubated photosynthesizing Synechococcus PCC 7002 with different concentrations of Fe(II) for 1 h, in a similar experiment to that in which elevated ROS concentrations were measured by Swanner et al. (2015) . After the incubation, Values in parentheses are the percentages of total Fe measured in the system that is present in each phase.
we measured the intracellular and sorbed Fe contents by ICP-MS. We observed lower intracellular Fe contents when extracellular Fe(II) concentrations were higher (Table 2) , the same conditions under which enhanced intracellular ROS were previously observed (Swanner et al., 2015) . The amount of Fe sorbed per cell increased slightly at higher initial Fe(II) concentrations despite lower intracellular Fe contents ( Table 2) .
Proteomics of Synechococcus PCC 7002 under High Fe and Low Fe Treatments
In order to further investigate the mechanism of Fe(II) toxicity, and to understand the effect of Fe concentration and speciation on siderophore production by this strain, Synechococcus PCC 7002 was grown with varying initial concentrations of Fe(II), either 7.5 µM (low Fe) or 170 µM (high Fe), and the expressed proteins under each growth condition were detected and quantified. Overall, 1631 proteins were detected out of the 2824 coded for in the genome, implying that 56% of the genome was expressed under these two conditions (see Supplementary Table  1 for Global Proteome spectral count data). The analysis utilized a stringent criteria for protein identification of 99% minimum peptide and protein probabilities, less than 1% false discovery FIGURE 3 | Heatmaps of protein abundance from triplicated biological treatments with low Fe (left columns) vs. when high Fe (right columns) was supplied to Synechococcus PCC 7002 during growth. Each protein was normalized to the average spectral abundance of that protein across all experiments. Red indicates more abundant, black is lower abundance. Proteins in bold are involved in Fe uptake or siderophore biosynthesis and/or import/export. Accession numbers are given for each protein.
Frontiers in Earth Science | www.frontiersin.orgrate, and two minimum peptides per protein (Keller et al., 2002 (Figures 4A,B) . As cell numbers increased and Fe(II) decreased to 300 µM (similar to Figure 2 ), cells became visually more abundant relative to minerals in SEM ( Figure 4C ), and cell surfaces appeared bare. CLSM imaging gave further insight into the spatial distribution of Fe(III) around cells. In the hydrated state, cells were associated with mineral phases, but these did not appear to directly coat cell surfaces ( Figure 5) . Instead, all the cells were surrounded by Fe(III), which formed a capsular structure without evidence for mineralization from the reflection signal, consistent with the presence of a sorbed, soluble, or ligand-bound Fe(III) phase (Figures 5E,F, and Supplementary Video). X-ray diffraction (XRD) on Fe minerals formed in incubations were X-ray amorphous (data not shown), consistent with the production of a ferrihydrite-like phase.
Fe(II) Oxidation Rate during Growth of Synechococcus PCC 7002 under Ferruginous Conditions
The concentrations of Fe(II) and O 2 were measured through the course of the growth experiments at initial Fe(II) concentrations of 29, 577, and 4800 µM Fe(II) ( Figure 6A ). Oxygen was detectable during the course of the 29 and 577 µM experiments while Fe(II) was still present, but oxygen was below detection until all of the Fe(II) in the 4800 µM Fe(II) experiment had been oxidized. The detection limits for oxygen by our method are stated as 2.83 ± 0.14 µM by the manufacturer, so it is possible that a few µM oxygen was present during the course of the 4800 µM Fe(II) experiments, even while Fe(II) was still present. These data were used to calculate the maximum Fe(II) oxidation rate and O 2 production rate in each experiment (Table 3 , Figure 6B ), determined by linear regression of the last three Fe(II) concentration data points. We additionally estimated the Fe(II) oxidation rate using the equation (Singer and Stumm, 1970) :
using the activities of Fe(II) and O 2 , based on measured concentrations at each time point, such as are displayed in Figure 6 . In Equation (1), k is the overall rate constant (8.0 × 10 13 L 2 mol −2 atm −1 at 25 • C). Estimated rates determined this way were on average one order of magnitude slower than those observed by loss of Fe(II) and calculated by regression (Table 3) . Figure 7A ). When DCMU was present, Fe(II) values were, within the analytical errors of the ferrozine assay, the same at the beginning and end of the experiment ( Figure 7B ).
Discussion
Physiological Response of Synechococcus PCC 7002 to Fe(II)
Growth Experiments
Because low Fe bioavailability is known to limit primary productivity in large expanses of the modern ocean (Boyd et al., 2000) , and enhanced supply of Fe from atmospheric dust may have bolstered primary productivity in the past (the "Fe hypothesis") (Martin, 1990; Martínez-Garcia et al., 2014) , it is generally thought that Fe additions to certain regions of the oceans can promote phytoplankton growth. At the opposite end of marine Fe concentrations are ferruginous conditions, where Fe(II) is stabilized in aqueous phase due to the higher solubility of Fe(II) than Fe(III) at circumnuetral pH under anoxic conditions. Interfaces where ferruginous waters meet an oxic photic zone were present in the Precambrian oceans (Holland, 1984) , and also occur in modern oxygen minimum zones (OMZ) (Scholz et al., 2014 concentrations (e.g., 100 s of µM) result in decreased growth rates in the marine cyanobacterium Synechococcus PCC 7002 (Swanner et al., 2015) . Herein we document evidence that both low and high Fe concentrations can lead to decreased growth and cellular activity of Synechococcus PCC 7002, although likely for different physiological reasons under each condition, suggesting limits in terms of Fe concentrations and redox conditions that are relevant to the Fe hypothesis through geological time.
To explain the lowered growth rates for Synechococcus PCC 7002 with increasing initial Fe(II) concentrations (Swanner et al., 2015) , it was suggested that toxicity arose from the production of ROS. Abiotic Fe(II) oxidation with O 2 generates ROS (O − 2 , H 2 O 2 , OH · ) (Rush and Bielski, 1985) . Extracellular ROS can oxidize membrane lipids of cyanobacteria (Morris et al., 2011) . Intracellular ROS can oxidize DNA, RNA, proteins, and lipids (Cabiscol et al., 2000) . Organisms utilize antioxidant enzymes such as superoxide dismutase (SOD) and catalase to remove ROS and its associated toxicity. In support of the role of ROS in Fe(II) toxicity, we observed that pigment levels decreased in response to elevated Fe(II) ( Table 1) . While carotenoids generally increase in response to elevated ROS, chlorophyll a and carotenoid levels may diminish due to degradation by ROS (Schäfer et al., 2005) . Under Fe-limiting, oxic conditions using only Fe(III) as the Fe source, growth rates and pigment levels (including chlorophyll a) also decrease in this strain (Wilhelm et al., 1996) . Together, these results show that Synechococcus PCC 7002 decreases its pigment levels in response to both Fe limitation and high Fe.
As evidence that Fe toxicity in Synechococcus PCC 7002 is specific to Fe(II) rather than Fe(III) or total Fe, we show that cell densities reached similar concentrations in incubations starting with 7.5 µM and 4800 µM Fe(II), once all of the Fe(II) oxidized and precipitated as Fe(III) minerals (Figure 2) . These results suggest that toxicity effects cease once all Fe(II) is oxidized, likely due to the limited solubility of Fe(III) vs. Fe(II), and that toxicity only arises when Fe(II) is present at higher concentrations. Furthermore, previous experiments with Synechococcus PCC 7002 noted an increase in growth rates when total Fe(III) increased from 4.5 to 42 µM (10 −17.1 and 10 −18.3 M dissolved Fe 3+ , respectively) (Wilhelm et al., 1996) , indicating that increasing Fe(III) concentrations stimulate growth rather than induce toxicity. These total Fe(III) concentrations are similar to those where toxic effects and diminished growth rates were noted with Fe(II) (tens to hundreds of micromolar; Swanner et al., 2015) , consistent with Fe(II) as a toxic species.
Growth under anoxic conditions has also been documented for several laboratory strains of cyanobacteria, where decreased growth rates were linked to elevated CO 2 concentrations specifically rather than anoxic conditions generally (Thomas et al., 2005) . In those experiments, Synechococcus PCC 7002 was able to grow in a 100% CO 2 atmosphere (Thomas et al., 2005) . albeit more slowly than under ambient CO 2 concentrations (Hall et al., 1998) . That finding suggests that Synechococcus PCC 7002 is adapted to higher CO 2 concentrations, as few common freshwater strains survive conditions of greater than 40% CO 2 (Thomas et al., 2005) . The percentage of CO 2 in those experiments exceeded what was present in ours (10%), arguing against CO 2 toxicity in our experiments. The concentration of FIGURE 7 | Cell suspensions experiments with Synechococcus PCC 7002 (A) without DCMU, where Fe(II) (circles) was progressively oxidized as oxygen (solid line) was generated by photosynthesis, and (B) when DCMU was added. In the presence of DCMU, oxygen introduced to the cell stand during sampling can account for the minor amount of Fe(II) oxidation observed.
CO 2 in our experiments far exceeds modern atmospheric values, but CO 2 concentrations during the Archean were thought to be orders of magnitude higher than at present (Kasting, 1993; Sheldon, 2006) . As our goal here is to understand the physiology of cyanobacteria in an Archean ocean, our experimental setup reasonably achieves this.
The O 2 production rate in our incubations decreased with increasing Fe(II) ( Table 3) . We reason that oxygen production is related to cellular growth, and that lowered oxygen production rates reflect lowered photosynthetic capacity as indicated by variable to maximum fluorescence ratios in Synechococcus PCC 7002 (Swanner et al., 2015) . The exponential increase in O 2 only after all Fe(II) had been oxidized ( Figure 6A ) supports our interpretation that growth of Synechococcus PCC 7002 is inhibited only in the presence of Fe(II), and toxicity is mitigated once all Fe(II) is oxidized.
Proteomics Analysis
The low Fe [7.5 µM Fe(II)] treatment proteomic results reveal multiple responses to Fe scarcity, likely caused by the rapid oxidation of Fe(II) and precipitation of Fe(III) by photosynthetically derived oxygen coupled with the lack of resupply of Fe from a metal ion buffer (e.g., EDTA). Experimental observations of Fe(III) solubility at comparable media pH are ∼4 nM for total dissolved Fe (Kuma et al., 1996) , and our culture experiments are likely similar or lower than this due to biological use. In the comparative analysis, more proteins were abundant in the low Fe relative to the high Fe [170 µM Fe(II)] treatment (Supplementary Table 1 ). This may reflect both deployment of multiple capabilities of this strain for confronting Fe limitation (i.e., production of siderophores) (Wilhelm and Trick, 1994) , and a loss of any adaptive response to Fe(II) since cyanobacteria have not experienced ferruginous in recent geological history.
The production of Fe-binding siderophores was detected under Fe limitation in earlier studies with Synechooccus PCC 7002 (Wilhelm and Trick, 1994; Wilhelm et al., 1998) . In particular, those studies observed a recovery of the growth rate once dissolved Fe 3+ fell below 10 −21.3 M, argued to be due to a corresponding increase in siderophore production (Wilhelm et al., 1996) . Confirming the results of those prior studies, a number of siderophore biosynthesis proteins, TonBdependent siderophore receptor proteins, and Fe transportrelated proteins were more abundant in our low Fe treatment relative to the high Fe treatment (Table 4) . TonB is also involved in the acquisition of other metal complexes (i.e., nickel, vitamin B 12 ) (Noinaj et al., 2010) , and we cannot rule out that the expressed TonB proteins may be used for other metals. However, there were numerous Fe-specific transporters expressed, suggesting that our experimental conditions were indeed Fe limiting. ABC transporters, involved in import of Fe, siderophores, and heme groups in diverse bacteria and cyanobacteria (Köster, 2001; Hopkinson and Barbeau, 2012) , were also abundant in the low Fe treatment, perhaps indicating the ability of this strain to take up diverse forms of Fe.
Iron transport proteins were also expressed in Synechococcus PCC 7002 in the high Fe treatment, but only one siderophorerelated protein was detected under these conditions (Table 4) . This suggests that siderophores are expressed under Fe limitation, and are not needed when abundant Fe is supplied as Fe(II). This nutritional role for Fe(II) is consistent with recent observations for uptake of Fe(II) in marine cyanobacteria (Kranzler et al., 2011; Lis et al., 2015) . Furthermore, siderophores have much lower binding constants for Fe(II), and thus likely are not useful under these conditions (Neilands, 1995) . ABC transporters, some of which were expressed in the high Fe treatment (Table 4) , can also take up heme into the cell, which can bind either Fe(II) or Fe(III). This dataset cannot resolve whether or not these transporters were actually taking up excess Fe, as intracellular Fe quantification measurements utilized short-term incubations rather than growth experiments used for proteomics. The ferric uptake regulator (Fur) protein was more abundant in the high Fe treatment, and this protein is involved in repression of Fe uptake when intracellular Fe is sufficient (Bagg and Neilands, 1987) . The low response of Fur to Fe(II) in this In support of the hypothesis that enhanced ROS are responsible for Fe(II) toxicity, the manganese enzyme superoxide dismutase (SOD), which dismutates superoxide (O − 2 ) to either water or hydrogen peroxide (H 2 O 2 ), was twice as abundant when cells were grown with high vs. low Fe (Figure 3) . However, catalase-peroxidase HPI, which converts H 2 O 2 to water, had similar abundance under both growth conditions. This could indicate that catalase is constitutively expressed, as it is in some bacteria (Hassett et al., 1992) , while SOD expression is regulated by Fe concentrations. Expression of cyanobacterial Nicontaining SOD due to oxidative stress was previously linked to low Fe conditions (Saito et al., 2014) . Also, light-driven Fenton chemistry consumes H 2 O 2 as a reactant with Fe(II) (e.g., Zepp et al., 1992) , such that superoxide may play a greater role than hydrogen peroxide in Fe toxicity. There were higher abundances of recombination proteins (i.e., recA) in the low vs. high Fe treatment, suggesting that general repair of damaged DNA mitigated by such proteins is more frequent under Fe limitation rather than due to Fe toxicity.
Further insights into the role of oxidative stress in the Fe toxicity observed for Synechococcus PCC 7002 come from some components of the photosynthetic pathways. PsaE, a subunit of photosystem I involved in stabilizing the electron carrier ferredoxin, was nearly twice as abundant in cells grown with high vs. low Fe. When PsaE was deleted in Synechocystis cells, there was upregulation of superoxide dismutase and catalase, higher intracellular ROS concentrations, and increased lipid peroxidation resulting from oxidative stress (Jeanjean et al., 2008) . The conclusion of this study was that PsaE regulates leakage of electron from the electron transport chain back to oxygen, which generates ROS. Other studies have demonstrated that PsaE is involved in stabilizing the PSI/ferredoxin complex (Barth et al., 1998) , which, when stabilized, may favor flow of electrons toward NADP vs. oxygen (Jeanjean et al., 2008) , mitigating ROS production. A number of ferredoxin proteins were also more abundant in the high Fe treatment (Figure 3) . Ferredoxins are key Fe-containing electron transfer proteins in PSI, and increases in ferredoxin can help to mitigate excess electron transfer to oxygen, which generates ROS. Previous work with the cyanobacterial strain JSC-1, isolated from Fe-rich Chocolate Pots hot spring documented a high ratio of PSI:PSII (∼3.7; Brown et al., 2010) . One possibility based on our results and the observation of Brown et al. (2010) is that cyanobacteria growing in the presence of Fe(II) may utilize PSI to transfer excess electrons to electron acceptors other than oxygen. PSII proteins could also be affected by oxidative stress. The PSII protein PsbU was more abundant in the high Fe treatment. Cyanobacterial mutants unable to make PsbU had lower variable fluorescence and oxygen yields, and it seems to play an important role in energy transfer in PSII (Veerman et al., 2005) . As lower variable fluorescence and oxygen yields were characteristic of Fe(II) toxicity (Swanner et al., 2015) , perhaps this protein is damaged by ROS, and must be synthesized in greater amounts to compensate, or expressing more of this protein helps to improve photosynthetic efficiency that is dampened by ROS (e.g., Swanner et al., 2015) .
The electron-transfer mediating protein flavodoxin was more abundant in the low Fe experiment, although ferrodoxin was still present. Under Fe-limiting conditions, ferredoxin can be replaced by flavodoxin, which does not require Fe, in cyanobacteria and other phytoplankton (La Roche et al., 1996; Erdner et al., 1999) . Ferredoxin and flavodoxin are important in mitigating oxidative stress, but increases in their abundance seems to occur on the order of days rather than hours (Mediavilla et al., 2010) . These proteins are thus more likely to be important in mitigating oxidative stress in the growth experiments (Figure 2 and Swanner et al., 2015) , but not the short-term Fe-uptake experiments (Table 2) that were similar to experiments in which significant increases in intracellular ROS were detected (Swanner et al., 2015) .
The high Fe treatment could have resulted in competitive inhibition with the uptake of other divalent cations, such as zinc, cobalt, and nickel, as observed for Fe(II) produced by reductases during cadmium uptake in phytoplankton (Lane et al., 2008) . If this were occurring in our experiments, the production of intracellular metal detoxification proteins, such as metallothionein, might be expected, as observed in other marine cyanobacteria under high zinc and cadmium (Gupta et al., 1992; Cox and Saito, 2013) . While metallothionein was not detected within the stringent conditions used to identify the 1631 proteins in this study, when the stringency was lowered to allow for only one peptide per protein identification, metallothionein was detected. This approach is reasonable for small proteins like metallothionein, which lacks multiple mass spectrometry amenable tryptic peptides within its protein sequence, where the 2-peptide rule penalizes smaller proteins. Interestingly, metallothionein did not show any notable increase in abundance under the high Fe treatment, instead showing a small reverse trend (1.66 vs. 0.33 spectral counts, respectively).
Fe Uptake and Sorption Experiments
Short-term (i.e., 1 h) incubations exposed cell suspensions of Synechococcus PCC 7002 to Fe(II) and light, and these incubations were used to track intracellular and sorbed Fe concentrations. Intracellular Fe contents were more than four times lower in the highest Fe treatments [i.e., 1000 µM Fe(II)] vs. the no Fe treatment ( Table 2) . These results are in contrast to previous experiments with Synechococcus PCC 7002, where more Fe was taken up into the cell as dissolved Fe concentrations increased either under oxic conditions with Fe(III) (Wilhelm et al., 1996) , or when Fe(II) was supplied (Demirel et al., 2009) . Notably, we lack a measurement of intracellular Fe contents prior to Fe exposure, but it is likely similar to the concentration of Fe in cells that were incubated with no additional Fe(II). One explanation for this phenomenon is that our Fe stock (FeCl 2 ) contains trace Cu, which could competitively bind to Fe uptake sites in this short-term incubation, preventing uptake of Fe(II). However, intracellular Cu levels were only slightly elevated in the highest Fe treatment (data not shown), giving little support to this line of reasoning. Alternatively, abundant Fe sorption and/or precipitation at the cell surface at higher Fe(II) concentrations ( Table 2 ) could have blocked cellular transporters for Fe uptake. Fe sorbed to cyanobacteria surfaces was present in Fe(oxyhydr)oxide phases and bound to surface functional groups when Fe(II) was the Fe source at neutral pH (González et al., 2014) , phases that might be less labile for uptake or block surface uptake sites.
The amount of Fe sorbed onto cell surfaces was double in the highest Fe treatments as compared to the cells where no Fe(II) was added ( Table 2) . In previous work, sorption of Fe to cyanobacterial extracellular polysaccharides (EPS) occurred within minutes (Demirel et al., 2009) , consistent with the results of our short-term experiments. Sorbed Fe is a significant fraction (>10%) of total Fe in our short-term experiments ( Table 2) . Based on our detection of Fe(III) bound to the cell surface by CLSM (Figure 5) , we suggest that as Fe(II) oxidized, Fe(III) is preferentially bound to surface functional groups rather than precipitated as Fe(III) oxyhydroxide minerals. This inference is supported by the localization of reflective minerals away from cell surfaces, and the detection of a soluble or ligand-bound Fe(III) phase at the cell surfaces (Figure 5) . Previous experiments that looked at Fe sorption to cyanobacterial cell surfaces when Fe(II) was added found that only Fe(III) was bound (González et al., 2014) . The phosphoryl groups of capsular EPS preferentially bind Fe(III) under neutral conditions, preventing growth of Fe(III) mineral polymers (González et al., 2014) . Although EPS production has not been reported in Synechococcus PCC 7002 (De Philippis and Vincenzini, 1998), but this strain produces both hydroxamate and catechol-type siderophores (Wilhelm and Trick, 1994) . Catechol-type siderophores are thought to be localized to the cell surface (Granger and Price, 1999) , and although we did not see evidence for increased expression of siderophore proteins under ferruginous growth conditions, surface-associated catechol-type siderophores could have been produced under the conditions used to grow cells for the cell suspension experiments, where ferric ammonium citrate was the Fe source. Regardless of which type of organic moiety sorbs Fe at the cell surface, surface sorption may be a more significant fate for Fe(III) than Fe(III)-(oxyhdr)oxide mineral formation in this strain, as seems to be the case for diverse cyanobacteria (González et al., 2014) .
Fe as a Sunscreen
Nanometer-scale Fe(III) (oxyhydr)oxide minerals, such as those produced during microbial Fe(II) oxidation, effectively absorb harmful UV radiation (Bishop et al., 2006) . For this reason it is thought that prior to the development of an oxygenated atmosphere with an ozone layer, Fe minerals may have effectively protected early photosynthetic organisms from higher UV fluxes by serving as mineral "sunscreens" (Phoenix et al., 2001; Bishop et al., 2006) . Additionally, aqueous Fe(III) shows enhanced UV absorption as compared to Fe(II) (Olson and Pierson, 1986) . Fe(III) minerals could also serve as a sunscreen by physically covering cells. However, this advantage may be balanced by reduced growth if cell surfaces become coated with minerals that prevent the diffusion of nutrients (Kappler et al., 2005b; Klueglein et al., 2014) , or if photosynthetically useful light is blocked by minerals. Despite the close association of minerals to Synechococcus PCC 7002 cells in SEM imaging (Figure 4) , these samples were analyzed after critical point drying, and likely do not preserve the original spatial arrangement of Fe minerals to cells. Further imaging with CLSM reveals that cells of Synechococcus PCC 7002 that were grown with Fe(II) are not encrusted by minerals, but are coated by Fe(III) (Figure 5) , which was visualized with a fluorescent sensor that only binds soluble or ligand-bound Fe(III) (Mao et al., 2007 (Mao et al., , 2010 . This phase can be distinguished from Fe(III) associated with minerals, because fluorescence from the Fe(III)-ion-specific probe ( Figure 5B) is not generally associated with the minerals visible in reflection ( Figure 5C ). The signal from the Fe(III)-ion specific probe is localized around the cell periphery ( Figure 5E and Supplementary Video), in comparison to autofluorescent pigments (Figure 5A) , which are generally found in the thylakoid, cell, and outer membranes (Vermaas et al., 2008) . The angle-deviation increases from negative values in the cell center to positive values at the cell surface, indicating a depletion of either the Fe(III) fluorescence probe or Fe(III) in the cytoplasm and an accumulation of Fe(III) at the cell surface ( Figure 5E and Supplementary Video). This finding is consistent with the interpretation that Fe(III) is sorbed (e.g., Section Fe Uptake and Sorption Experiments and Table 2 ), bound to cellsurface complexes.
Based on the lack of mineralization of the cell, it is unlikely that cell encrustation causes the decreased growth rates observed for this strain in the presence of Fe(II), a conclusion reached for non-photosynthetic Fe(II)-oxidizing bacteria (Klueglein et al., 2014) . It is possible that the abundance of minerals in cultures (e.g., Figure 1 ) may also block light from reaching cell surfaces. Cyanobacteria cells can become chlorotic when light intensities are very low (Falkowski and Raven, 2007) , possibly accentuating the rust-dominated color of the 4800 µM Fe(II) culture in Figure 1 . An amorphous Fe mineral, likely ferrihydrite, was detected with XRD after Fe(II) oxidation by Synechococcus PCC 7002 (data not shown). Previous experiments with Fe(III) oxide minerals formed in the presence of oxygenic photosynthetic algae suggest that such phases are transparent to wavelengths of light needed for photosynthesis (Bishop et al., 2006) , perhaps indicating that the presence of toxic Fe(II) is the ultimate cause of chlorosis ( Table 1) . As cell surface-associated Fe(III) was present in Synechococcus PCC 7002 cells (Figure 5) , and was likely a ligand-bound Fe(III) (Mao et al., 2007 (Mao et al., , 2010 ; Table 2 ), it is possible that such a species could also serve as a sunscreen (Olson and Pierson, 1986) . Finally, although the Fe-containing protein Dps may help to mitigate photooxidative stress due to ROS (Castruita et al., 2006) , we did not see a large differential expression under low vs. high Fe treatments (Figure 3) . Nor did we see expression of high-light inducible proteins known in Synechococcus PCC 7002 (Ludwig and Bryant, 2012) under the low or high Fe treatments.
Mechanism of Fe(II) Oxidation by Synechococcus PCC 7002
Some cyanobacteria are able to perform anoxygenic photosynthesis using sulfide as an electron donor as an alternative to oxygenic photosynthesis (Cohen et al., 1975; Garlick et al., 1977; Cohen, 1984) . It has also been hypothesized that Fe(II), like sulfide, could serve as an electron donor for anoxygenic photosynthesis by cyanobacteria (Olson and Pierson, 1987b) . This hypothesis stems from the similar redox potentials of the photosynthetic reactions center in cyanobacterial PSI to the reaction center used by purple bacteria, some of whom are able to utilize electrons transferred from Fe(II) (Widdel et al., 1993) . Furthermore, molecular phylogenies indicate that purple and green bacteria and their anoxygenic photosystems evolutionarily predate cyanobacteria and oxygenic photosynthesis (Xiong, 2006) , in which the photosystems of purple and green bacteria appear combined (Falkowski and Raven, 2007) . Thus, it is possible that cyanobacteria retain the capability to use PSI for Fe(II)-dependent anoxygenic photosynthesis. Despite attempts to detect this process in isolates and within natural cyanobacterial populations (Pierson et al., 1999; Trouwborst et al., 2007) , there is not clear evidence in the literature that any extant cyanobacterium is capable of such activity (see reference to unpublished report in Cohen et al., 1986) . However, it will be important to determine if any cyanobacteria retain such a capability, which may indicate a temporal separation between the origin of cyanobacteria and the origin and utilization of oxygenic photosynthesis by cyanobacteria, and also a more direct role for cyanobacteria in deposition of oxidized Fe minerals to Precambrian BIF.
Some of the geochemical data collected during growth experiments with Synechococcus PCC 7002 can be used to infer whether anoxygenic photosynthesis using Fe(II) as the electron donor may have contributed to the Fe(II) oxidation observed. The simultaneous detection of O 2 and Fe(II) in our 29, 577, and 4800 µM Fe(II) experiments (Table 3, Figure 6 ) indicate a dependence of Fe(II) oxidation rate and O 2 production rate on initial Fe(II) concentrations. The maximum Fe(II) oxidation rate increased with increasing Fe(II) concentrations, consistent with a first-order dependence on Fe(II) concentrations observed in abiotic Fe(II) oxidation experiments (Singer and Stumm, 1970) . The rates estimated using Equation (1) were lower than those calculated using linear regression (Table 1) , which is likely because oxygen was being continually produced and reacting in our experiments, as compared to experiments from which the rate equation was determined where oxygen was held constant (Singer and Stumm, 1970) . Also, heterogeneous oxidation of Fe(II) at mineral surfaces could have enhanced the rate relative to what was calculated based on the Fe(II) and O 2 concentrations (Park and Dempsey, 2005) . The Fe(II) oxidation rate by anoxygenic phototrophs is dependent on initial Fe(II) concentrations (Wu et al., 2014) , and also light intensity, consistent with a maximum rate achieved when photosystems are fully saturated with light (Hegler et al., 2008; Wu et al., 2014) . However, such dependence usually displays MichaelisMenten kinetics (Hegler et al., 2008; Saraiva et al., 2012; Wu et al., 2014) . More data points at higher Fe(II) concentrations would be needed to definitively say whether or not Michaelis-Menten kinetics are observed in Figure 6 , however we have not been able to grow Synechococccus PCC 7002 at initial Fe(II) concentrations much higher than 4800 µM Fe(II), due to Fe(II) toxicity, and such experiments that would be needed to further evaluate whether Fe(II) oxidation follows Michaelis-Menten kinetics.
Further experiments were therefore needed to establish whether Fe(II) is utilized in anoxygenic photosynthesis by Synechococcus PCC 7002. In cell suspensions without DCMU, Fe(II) was oxidized progressively as oxygen was produced by photosynthesis ( Figure 7A ). When DCMU was added to cells, no oxygen was produced by Synechococcus PCC 7002 (data not shown). In experiments with DCMU and Fe(II) added to cells, 13 µM of Fe(II) was oxidized, a value within the errors of the Fe(II) determination ( Figure 7B) . However, 4.7 µM of oxygen entered the cell stand from the surrounding atmosphere during sampling. As each molecule of oxygen can oxidize four moles of Fe(II), this trace oxygen can account for any Fe(II) oxidation that did take place. These results support the interpretation that this strain cannot oxidize Fe(II) with a PSI-dependent pathway, but rather that oxygen is required to oxidize Fe(II).
A final criteria for evaluating whether Synechococcus PCC 7002 is capable of anoxygenic photosynthesis using Fe(II) as the electron donor is through available genomic and proteomic data. Photoferrotrophy, as well as other types of metabolic Fe(II) oxidation (and reduction) often make use of c-type cytochromes to transfer electrons to and from Fe(II). The proteins and cytochromes that have so far been implicated in Fe(II) oxidation share some homology and reversibility in electron-transfer activity with those identified from Fe(III)-reducing microbes (Liu et al., 2012; Shi et al., 2012) . We did see enhanced expression of two c-type cytochromes in the proteomics experiments with high Fe(II) concentrations (accession numbers YP_001733383, 4EID_A; data not shown). We therefore performed a sequence search (Geneious 6.0.6) of the translated genome of Synechococcus PCC 7002 (accession number CP000951) using putative proteins implicated in electron transfer from Fe(II) in Fe(II)-oxidizing or Fe(III)-reducing microbes. The proteins foxE from Rhodobacter ferrooxidans sp. strain SW2 (accession number ABD36082), and mtoA from Siderooxydans lithotrophicus ES-1 (accession number YP_003525109) did not target any homologous proteins encoded by the Synechococcus PCC 7002 genome. The lack of homologous genes to known Fe(II) oxidases also casts doubt that other active or metabolic forms of Fe(II) oxidation, aside or in addition to photoferrotrophy (for instance, microaerophilic Fe(II) oxidation), are carried out by Synechococcus PCC 7002.
The Role of Cyanobacteria in an Fe-rich Early Earth
During the Precambrian, Fe(II) concentrations are estimated to have been as low as tens of µM, or as high as several mM in deep seawater (Eugster and Chou, 1973; Holland, 1973; Mel'nik, 1973; Morris and Horwitz, 1983; Canfield, 2005) , and Fe(II) may have fluxed toward sunlit waters in upwelling currents (Holland, 1984; Beukes and Klein, 1992) . As modern phytoplankton, including cyanobacteria, are most productive along coastal upwelling zones and where deep, nutrient-rich waters overturn, it is likely that Archean planktonic cyanobacteria would have experienced these Fe(II) fluxes in their habitat. It is thought that early oxygen was produced along coastal margins (Kendall et al., 2010; Planavsky et al., 2014) , and that a chemical reaction between Fe(II) and oxygen is responsible for the oxidation of Fe(II) and deposition of Fe(III) minerals to BIF along the slope and occasionally shelf of these settings Beukes and Gutzmer, 2008) . This is in part due to the interpretation that a chemocline where Fe(II) became oxidized was likely to have been below the photic zone, which would exclude light-dependent anoxygenic photosynthesis as a mechanism for Fe(II) oxidation, and rely rather on diffusion of an oxidant such as oxygen to depths below the photic zone (Smith, 2013) . For these reasons, it seems warranted to take a fresh look at the original proposal by Cloud that cyanobacteria or other early oxygenic photosynthetic organisms were responsible for Precambrian Fe(II) oxidation and BIF deposition (1968), chemical sediments that form the cornerstone of data repositories on the nature of the early Earth's atmosphere and ocean. However, an important constraint on interpreting the role of different metabolic groups of bacteria on Precambrian Fe(II) oxidation is understanding if they produce distinct chemical, mineralogical, morphological or isotopic signatures in the presence of Fe(II), and how the presence of Fe in its different physical and chemical forms can regulate the productivity of different bacteria. Our investigations establish that Synechococcus PCC 7002 can further be used to evaluate some hypotheses regarding the formation and stabilization of oxidized Fe in the Precambrian oceans.
Proteomic data expand on the earlier observation that Fe(II) is toxic to cyanobacteria during oxygenic photosynthesis. The new data supports the hypothesis that toxicity arises from the production of intracellular ROS (e.g., Swanner et al., 2015) , but highlights the role of certain PSI/PSII proteins in regulating ROS production, in addition to enhanced production of enzymes like SOD for ROS mitigation. Observations such as the toxicity of Fe(II) can be used to explore the efficiency with which cyanobacteria or other oxygenic phototrophs may have grown and/or produced oxygen in putative early Earth environments and ecosystems. Furthermore, an understanding of how these organisms respond to environmental stressors may inform further molecular phylogenetic reconstructions of their ancient counterparts, for instance which enzymes (e.g., superoxide dismutase, ferrodoxin, etc.) were necessary for the success of their earliest relatives in Fe-rich environments that are a hallmark of the early Earth.
It is generally assumed that the earliest cyanobacteria were adapted to high dissolved Fe concentrations, due to their high demand for intracellular Fe relative to other organisms (Keren et al., 2004) . By extension, ancient cyanobacteria may have possessed strategies to tolerate higher dissolved Fe, while modern cyanobacteria have adapted to life in environments with low dissolved Fe by developing sophisticated Fe acquisition systems (Wilhelm, 1995) or by replacing or removing Fe-dependent pathways (Rusch et al., 2010) . Our proteome results generally validate this conclusion: a higher proteomic response was mounted to Fe limitation, suggesting that if early cyanobacteria did have large physiological response to deal with high Fe, those pathways may have been lost during the transition to an oxidized Earth surface. The proteome results do still support that Fe(II) toxicity to Synechococcus PCC 7002 seems to arise because of the presence of oxygen, and the potential for ROS to be generated from intermediates produced by PSII, although competitive inhibition of other divalent metals necessary for certain enzyme function is also a possibility. It is well-accepted that early cyanobacteria may have been poisoned by oxygen (Fridovich, 1998) , especially via photosynthetic side reactions generating ROS (Falkowski and Raven, 2007) , if they initially lacked a system for ROS scavenging (Cloud, 1968) . MnSOD evolved early in the history of oxygenic photosynthesis (Wolfe-Simon et al., 2005) , likely by the GOE at 2.4 Gy ago (Kirschvink et al., 2000) . But in light of increasing evidence for oxygen production hundreds of millions of years prior to the GOE Wille et al., 2007; Kendall et al., 2010; Crowe et al., 2013; Reinhard et al., 2013; Planavsky et al., 2014) , a further possibility is that the origin of oxygenic photosynthesis preceded the evolution of ROS scavenging mechanisms such as MnSOD by some time. Such a scenario would have left the earliest cyanobacteria more vulnerable to Fe(II) toxicity, especially in light of elevated Fe(II) concentrations in the oceans prior to the GOE, a possibility that may help to explain the lag in the rise of atmospheric oxygen after the first appearance of oxygen (Swanner et al., 2015) . Elevated Fe(II), when present at interfaces or gradients with oxygen, could be a toxic scenario to life in general, as all the domains of life possess sophisticated ROS-defense systems, but still experience toxicity resulting from ROS (Imlay, 2013) . The links between Fe, ROS and toxicity or pathogenesis likely extend to all of biology (Jomova et al., 2010; Flores et al., 2012; Vale-Costa et al., 2013) .
Our investigations suggest that cells of Synechococcus PCC 7002 are not coated by Fe minerals, but that sorbed or ligandbound Fe(III) at the cell surface could serve as a sunscreen. A consideration on the hypothesis that Fe minerals precipitated by cyanobacteria could act as a sunscreen is the removal of Fe minerals from the water column by sedimentation. Shallow platforms on continental shelves may have been an important habitat for early photosynthetic organisms (Sumner, 1997; Allwood et al., 2006) , where minerals would have deposited to microbial mats or sediments within the photic zone. If Fe minerals were forming in intimate association with matforming cyanobacteria, such as has been observed at Chocolate Pots hot spring in Yellowstone National Park (Parenteau and Cady, 2010) , they may serve as a better sunscreen. However, the most significant oceanoc regions for oxygen production may have been above deeper waters or open ocean (Olson et al., 2013; Swanner et al., 2015) . In these settings, precipitated Fe minerals are more likely to be removed from the photic zone by sedimentation than in shallow waters where light still penetrates the sediments. Furthermore, removal of nonencrusted phototrophic cells associated with minerals increases as the amount of initial Fe(II):Fe minerals formed increases (Posth et al., 2010) , a phenomenon that could balance any growth benefit in terms of UV protection. Therefore, benthic cyanobacteria were more likely to have benefitted more from any UV protective effects of Fe minerals as compared to planktonic cyanobacteria on the early Earth. The persistence of elevated total Fe concentrations in Archean and Proterozoic shallowwater carbonates relative to their Phanerozoic counterparts (Veizer et al., 1989; Wilson et al., 2010) , suggest that Fe(II) reached the photic zone at carbonate platforms (Sumner and Grotzinger, 1996; Sumner, 1997) . Archean-aged carbonates also host microfossils or sedimentary structures consistent with active microbial communities (Sumner, 1997; Allwood et al., 2006) , although it is unclear if the oldest of these included organisms performing oxygenic photosynthesis (Bosak et al., 2009 ). These ambiguities suggest that if benthic communities included oxygenic photosynthetic bacteria, they could have experienced a range of effects from periodic Fe input to shallow water: from the beneficial "sunscreen" aspect to the detrimental toxicity effects of Fe(II)-induced ROS production.
After the discovery that modern photoferrotrophs are capable of anoxygenic photosynthesis with Fe(II) as the electron donor (Widdel et al., 1993) , laboratory physiological studies demonstrated that these bacteria could have generated enough oxidized Fe to deposit the major Precambrian BIF without invoking the presence of cyanobacteria or other oxygenic phototrophs (Kappler et al., 2005a; Wu et al., 2014) . The idea that photoferrotrophs were involved in Fe(II) oxidation and Fe(III) mineral deposition in the absence of atmospheric oxygen or in anoxic marine settings has pervaded the literature (Posth et al., 2013) . However, our evolving understanding of the dynamics of atmospheric and marine oxygenation indicates that the role of cyanobacteria or other oxygenic phototrophs in these processes may need to be reconsidered. The spatial relationship of Fe minerals to cyanobacterial cells documented here may help to determine whether there are features that might distinguish cyanobacteria or other oxygenic phototrophs from other cell types retained in Fe-rich rocks. Other types of organisms expected to thrive in Fe-rich environments, such as microaerophilic Fe(II)-oxidizing bacteria, may show different patterns of mineralization, such as Fe-mineral coated filaments or twisted stalks that can be retained through geological time and low-grade metamorphic conditions (Krepski et al., 2013; Picard et al., 2015) . A cyanobacterium isolated from Fe-rich Chocolate Pots hot spring in Yellowstone National Park accumulated intracellular Fe-phosphates (Brown et al., 2010) , although any potential intracellular Fe minerals formed by Synechococcus PCC 7002 were too small to observe with the methods used here. Our observations indicate that one feature of this strain is the accumulation of sorbed or ligand-bound Fe at the cell surface, which likely includes significant Fe(III) (Table 3 and Figure 5 ). The extracellular Fe could be bound to capsular EPS at the cell surface (Zippel and Neu, 2011) , or by catechol-type siderophores associated with the cell surface (Granger and Price, 1999) , which are thought to be produced by this strain (Wilhelm and Trick, 1994; Wilhelm et al., 1996) . Cell surface binding may distinguish Fe(III) oxidized by cyanobacteria from photoferrototrophs, who precipitate Fe(III) rather on organic material distal to cells (Miot et al., 2009; Wu et al., 2014) , characteristics that may differentiate oxygenic from anoxygenic phototrophic cell remnants in the rock record. Our data also suggests that binding of Fe(III) at cyanobacterial cell surfaces may be at least as important as Fe(III) oxyhydroxide precipitation as a fate for Fe(III) (González et al., 2014) .
The rates and mechanism of Fe(II) oxidation by Synechococcus PCC 7002 presented herein can be used to constrain both models of early Fe, O, and C cycling, as well as to provide context for what signatures of cyanobacteria or oxygenic phototrophs might remain in Fe-rich environments. For instance, our kinetic and cell suspension data point to a strictly abiotic, extracellular mechanism for Fe(II) oxidation for the strain Synechococcus PCC 7002. It is still necessary to investigate whether any other extant cyanobacteria may retain the ability to oxidize Fe(II) via an anoxygenic pathway. However, if no extant cyanobacteria are capable of anoxygenic photosynthesis using Fe(II), inferences regarding the earliest cyanobacteria may be made. One such inference might be that oxygenic photosynthesis is necessary for Fe(II) oxidation by cyanobacteria (i.e., that Fe(II) is only oxidized by a chemical reaction with oxygen). If this is the case, then the Fe:C ratios of Fe minerals deposited may have varied depending on the type of photosynthesis or metabolism employed. In terms of the Fe:C ratio, autotrophic, CO 2 -fixing photoferrotrophs and microaerophilic FeOB are governed by a ratio of four moles of Fe oxidized per mole of C fixed. Although high Fe(II) conditions may limit growth of cyanobacteria and therefore the amount of C they can fix, there is no reason to expect such a stoichiometry between ferric Fe and organic C. Although further work is needed to quantify the effect of Fe(II) toxicity to C fixation and export, it is generally expected that more C could be fixed per mole of Fe oxidized from oxygenic vs. anoxygenic photosynthesis (cf. Köhler et al., 2013) . Such distinctions may help to elucidate the biology responsible for the low concentrations (average <1 wt%) of organic carbon generally present in BIF . Organic matter sedimented in the presence of Fe may be preserved on geological time scales (Lalonde et al., 2012) , and organic matter preservation in BIF or other Fe-rich sediments could potentially arise from Fe-cell interactions (e.g., sorption) such as we describe. Experimental diagenesis and fieldwork in modern settings is useful to determine the fate of specific cellmineral (or Fe) assemblages (Köhler et al., 2013; Cosmidis et al., 2014) .
Conclusions
The higher abundances of Fe(II) in the oceans during Precambrian time necessitate an understanding of how cyanobacteria respond to elevated Fe(II) in terms of growth and oxygen production. Our growth experiments with Synechococcus PCC 7002 under initially anoxic, Fe(II)-rich conditions demonstrate that toxicity associated with oxygen production in the presence of Fe is a response to Fe(II), but not to Fe(III). The proteomic response of this organism to Fe limitation involves synthesis of many siderophores and other molecular Fe acquisition systems, consistent with the findings of previous studies. Under high Fe, when Fe is provided as Fe(II), there was not as extensive a proteomic response as to Fe limitation, suggesting that the proteomic response of cyanobacteria to elevated Fe(II) may have been lost as Fe(II)-rich conditions at the Earth's surface disappeared due to progressive oxidation. Nevertheless, the proteome produced under high Fe does support elevated ROS production as the toxic consequence of elevated Fe(II). We found no support from the genome or physiological experiments that this organism oxidizes Fe(II) via and enzymatic and/or photosynthetic pathway. Growth in the presence of Fe(II) resulted in extracellular Fe(III) mineralization, but also Fe(III) bound to organic moieties at the cell surface, which could include capsular EPS or catechol-type siderophores. This spatial distribution of Fe(III) around cells of cyanobacteria differs from what is observed in photoferrotrophs, and may be useful in distinguishing which organisms were responsible for precipitation of Fe to Precambrian BIF in any putative microbial fossils. Furthermore, our study indicates a complex role for Fe as a sunscreen for early cyanobacteria, dependent on both the form of Fe (e.g., mineral vs. complexed), the location relevant to the cell, and the habitat or environment (e.g., shelf/lagoon vs. upwelling/coastal).
